Haustorium formation is the characteristic feature of all parasitic plants and a vital process for successful parasitism. Previous investigations on haustorium initiation and development are constricted to induced processes by host-derived signals or synthetic analogs. Spontaneous haustorium formation in the absence of host signals, a process representing an early stage in the evolution of parasitic plants, remains largely unexplored. Lack of fast and frequent formation of spontaneous haustoria greatly hinders full understanding of haustorium formation in root hemiparasites. In this study, seedlings of Pedicularis kansuensis Maxim., a facultative root hemiparasitic species in Orobanchaceae observed to produce many spontaneous haustoria, were grown in autoclaved water agar in the absence of any known haustoriuminducing stimulants. We aimed to test the temporal and developmental pattern of spontaneous haustorium formation. Also, effects of sucrose supply and root contact on spontaneous haustorium formation were tested. Spontaneous haustoria were observed starting from six days after germination, much earlier than previously reported root hemiparasites. A majority of the spontaneous haustoria formed on lateral roots. Percentage of seedlings with spontaneous haustoria was 28.8% when grown on water agar plates, with a mean of four haustoria per seedling two weeks after germination. Haustorium formation by seedlings grown in water agar amended with 2% sucrose was more than twice of those without sucrose amendment. Singly grown seedlings were able to develop spontaneous haustoria at similar levels as those grown with another conspecific seedling. In view of the fast and abundant formation of spontaneous haustoria, P. kansuensis may be developed as an excellent experimental system in future investigations for unraveling endogenous regulation of haustorium initiation and development in root hemiparasitic plants.
Introduction
Parasitic plants are important components of heterotrophic plants, and are widely distributed in various terrestrial ecosystems, with more than 4000 species worldwide (Press and Phoenix, 2005) . Parasitic plants extract host resources via parasitic organs known as haustoria, leading to resource deprivation and often growth depression in their host plants (Westwood et al., 2010) . Furthermore, they may have a strong impact on plant community structure and ecosystem stability by altering the competitive relationships between host and non-host plants (Press and Phoenix, 2005; Bardgett et al., 2006) . Although parasitic plants differ dramatically in morphology as well as host dependence and preference, haustorium formation is the characteristic feature of all parasitic plants (Westwood et al., 2010) . The evolution of haustoria in parasitic plant lineages signals the transition from autotrophic to parasitic habit. In addition, the haustorium is the sole parasitic plant structure necessary for resource extraction from host plants (Kuijt, 1969) . Because of this, haustorium initiation and development is the key to understanding the processes that have led to the evolution of parasitic plants and how parasitic plants interact with host plants.
The family Orobanchaceae provides an excellent system for better understanding the evolution of plant parasitism (Westwood et al., 2010) . Parasitic weed species such as Striga spp. and Orobanch spp., which are both members of family Orobanchaceae, cause agricultural losses of billions of dollars each year (Heide-Jørgensen, 2008) . In addition, this family is the youngest (Naumann et al., 2013) and the only family among parasitic plants consisting of autotrophic plants (Lindenbergia spp.) as well as root parasitic plants representing the full spectrum of parasitism (Honaas et al., 2013) .
Most early studies on Orobanchaceae have investigated the development of terminal haustoria in obligate weedy species, whereas studies in the development of lateral haustoria have primarily focused on a few facultative root hemiparasites (Bandaranayake and Yoder, 2013) . All previous investigations addressed haustorium initiation and development after induction by host-derived signals or synthetic haustorium-inducing factors (HIFs). However, spontaneous haustorium initiation and development in the absence of specific host signals, which represents an important early evolutionary stage in parasitic plants, remains poorly understood.
Haustorium formation in the absence of host roots has been reported for many hemiparasitic species under field conditions (Musselman and Dickison, 1975；Westwood et al., 2010) . We have previously found that some hemiparasitic Pedicularis species form abundant haustoria in the absence of hosts when cultivated in pots with a sterilized sand-soil mixture (Li et al., 2012 (Li et al., , 2013 . However, under strictly sterilized conditions such as in agar plates, spontaneous haustorium formation in these same species has been sparse and greatly delayed compared with those induced by host roots or synthetic HIFs (Atsatt et al., 1978; Yoder, 1997; Yoshida et al., 2016) . A lack of suitable plant material with fast and frequent formation of spontaneous haustoria in vitro greatly hinders our understanding of haustorium initiation and development in the absence of host signals.
In our recent studies we found that Pedicularis kansuensis Maxim., a weedy facultative root hemiparasite rapidly spreading in grasslands of western China, can form abundant haustoria not only in sterilized soil without a host (Sui et al., 2014) , but also in autoclaved water agar under strictly sterilized growth conditions (personal observations). However, it remains unclear whether the morphology and development of these haustoria differ substantially from other facultative root hemiparasites.
The objectives of this study were to characterize the morphology, position of occurrence, and temporal development of spontaneous haustorium formation in P. kansuensis. To better understand the factors that influence spontaneous haustorium formation, we tested whether sucrose amendment in plant growth medium increases spontaneous haustorium formation, as sucrose supply in growth medium was shown to play a role in formation of lateral roots (Little et al., 2005; Jain et al., 2007) , where spontaneous haustoria mainly occur based on our preliminary observations. We then tested whether tactile stimuli (e.g., plant root contact with another seedling of the same species) increases spontaneous haustorium formation, as tactile stimuli were suggested to facilitate haustorium formation (Bandaranayake and Yoder, 2013) . Knowledge obtained will serve as basis for a better understanding of spontaneous haustorium formation in root hemiparasitic plants, which will open up a new opportunity for investigations into haustorium initiation and development regulated by factors other than the known host signals, and may eventually contribute to unraveling the whole evolutionary process underlying the origin and evolution of haustoria in parasitic plants.
Materials and methods

Plant materials and seed germination
Pedicularis kansuensis seeds were collected from Bayanbulak Grassland, Xinjiang, China in September, 2016. The seeds were pooled from different individual plants and stored in paper bags at 4 C until used.
Seeds were surface sterilized by soaking in 70% ethanol for 5 min, then shaken in 5% sodium hypochlorite for 10 min. Seeds were rinsed thoroughly with sterilized reverse osmosis (RO) water before being transferred to 0.5% water Agar (Wako, Japan) plates for germination. The water agar had been previously autoclaved at 121 C for 20 min and poured into 9 cm Petri dishes. Each agar plate contained 40e50 seeds. The plates were sealed with 3M membranes and incubated horizontally in a growth chamber at 18/25 C (night/day). The photoperiod was 12 h light with 22.2 mmol photons m À2 s À1 illumination and 12 h dark. Most seeds germinated within one week.
Observation of morphological and temporal development of spontaneous haustoria
To examine morphological and temporal development of spontaneous haustoria, we randomly selected ten agar plates after seeds had germinated. Each plate had 30-35 seedlings. Observation started four days after a majority of seeds germinated. Seedlings were checked daily until 15 days after germination. Observations and photographs were made using a stereomicroscope (Olympus SZX7, Japan) equipped with a digital camera. Spontaneous haustoria were distinguished from lateral roots by differences in origin and presence of haustorium hairs. Similar to induced haustoria in many facultative root hemiparasites, spontaneous haustoria arise from cortical parenchyma cells, whereas lateral roots are derived from pericycle cells (Musselman and Dickison, 1975) .
Percentage of seedlings with spontaneous haustoria, number of haustoria, and number of lateral roots per seedling were recorded. The percentage of seedlings with spontaneous haustoria was calculated by dividing the number of total seedlings with those that produced spontaneous haustoria. Number of haustoria per seedling was calculated by dividing the total number of spontaneous haustoria per plate by the number of seedlings with haustoria.
Test for effect of sucrose amendment on spontaneous haustorium formation
Six-day-old seedlings were transferred to 10 Â 10 cm square water agar plates (0.8%) that were or were not amended with 2% sucrose (w/v; Xilong Science, China). Each plate had 10 seedlings. There were 8 replicates for each treatment. After incubation for two weeks under the same conditions as described above for seed germination, spontaneous haustorium formation and number of lateral roots were recorded under a stereomicroscope.
Spontaneous haustorium formation with or without root contact with a conspecific seedling
Six-day-old seedlings were transferred to 10 Â 10 cm square water agar plates (0.8%) amended with 2% sucrose. To test if a single seedling can produce spontaneous haustoria and if tactile signals such as root contact promote spontaneous haustorium formation, either a single seedling or two P. kansuensis seedlings were grown in each plate. The two seedlings were put on top of each other to maximize root contact. Each treatment had 18 replicate plates. Newly-formed haustoria were observed daily and position of occurrence was recorded for plates with a single seedling. To facilitate root growth the plates were incubated vertically with the seedling roots pointing downwards for two weeks in a growth room equipped with incandescent tubes, with temperatures ranging from 16 to 28 C and a photoperiod of 12 h.
Statistical analysis
Student's t-test was used in all analyses for comparisons between a treatment and the corresponding control to determine treatment effects, except that Fisher's exact test was used to compare frequency of spontaneous haustorium formation between singly grown seedlings and those grown with a conspecific seedling. Normality and equality of variance were verified using ShapiroeWilk and Levene's tests, respectively. Data were transformed when necessary using the appropriate transformations. Specifically, data for percentage of seedlings producing haustoria were arcsine transformed after dividing by 100, and data for number of haustoria and number of lateral roots per seedling were square-root transformed. The significance level for all tests was 0.05. All analyses were performed using the Statistical Product and Service Solution (SPSS) software (version 16.0; SPSS China, Shanghai, China).
Results
Morphological and temporal development of spontaneous haustoria
Spontaneous haustoria formed by P. kansuensis were hemispherical swellings derived from cortical parenchyma cells. Most spontaneous haustoria had dense haustoium hairs (Fig. 1) . A majority of spontaneous haustoria developed on lateral roots (Fig. 1A and B, D, and E), but were occasionally observed near the tip of a primary root (Fig. 1C) . Quantitative analysis of position of occurrence for 18 singly grown seedlings showed that of the 183 haustoria formed over two weeks, 72% (132) of haustoria formed at the maturation zone of lateral roots, 18% (32) formed at the maturation zone of primary roots, and 10% (19) formed at the elongation zone near root tips. Great variation in capability of spontaneous haustorium formation was observed among seedlings, with some forming dozens of spontaneous haustoria while some did not form haustoria at all throughout the experiments (Fig. 1A and D) .
When P. kansuensis seedlings were grown in water agar (0.5%), spontaneous haustoria were first observed six days after germination (Fig. 2) . The proportion of seedlings with haustoria ( Fig. 2A) , total number of haustoria (Fig. 2B) , and number of lateral roots per seedling (Fig. 2D) all increased with time. At 15 days after seed germination, an average of 28.8% of seedlings produced spontaneous haustoria ( Fig. 2A) , with a mean of 4 haustoria (Fig. 2C ) and 9 lateral roots per seedling (Fig. 2D ).
Effect of sucrose amendment on spontaneous haustorium formation
Sucrose amendment significantly increased the percentage of seedlings with spontaneous haustoria (P < 0.01, Fig. 3A) , number of spontaneous haustoria per seedling with haustoria (P < 0.05, Fig. 3B ), and number of lateral roots per seedling (P < 0.01, Fig. 3C ). The average percentage of seedlings with spontaneous haustoria increased from 27% to 67% when the seedlings were grown in water agar (0.8%) amended with 2% sucrose. The average number of spontaneous haustoria per seedling increased from 1.6 to 3.9 and average number of lateral roots increased from 5.8 to 10.8.
Spontaneous haustorium formation with or without root contact with a conspecific seedling
Seedlings of P. kansuensis developed spontaneous haustoria when grown singly in 0.8% agar amended with 2% sucrose (Fig. 4A) . The occurrence rate of spontaneous haustoria was similar between singly grown seedlings and those stacked with another P. kansuensis seedling (P ¼ 0.255 Fisher's exact test). Although not statistically significant, on average singly grown seedlings produced slightly more spontaneous haustoria (Fig. 4B ) and lateral roots (Fig. 4C) than seedlings in contact with another P. kansuensis seedling.
Discussion
Fast development of spontaneous haustoria in a high proportion of P. kansuensis seedlings was observed in all three independent in vitro experiments. Spontaneous haustoria on P. kansuensis roots were first observed six days after seed germination. Percentage of seedlings with spontaneous haustoria reached around 30% in water agar without sucrose amendment and more than 67% when amended with 2% sucrose within two to three weeks. This was in contrast to previous reports for other root hemiparasites, where in vitro spontaneous haustoria occurred much later and in a lower proportion of seedlings. For example, in Triphysaria versicolor and T. erianthus spontaneous haustoria were first observed 35 and 42 days after sowing (more than 4 weeks after germination), respectively, and it took more than 10 weeks for 30% of the seedlings to develop spontaneous haustoria (Yoder, 1997) . In another root hemiparasite Castilleja exserta (previously known as Orthocarpus purpurascens), spontaneous haustoria were observed in 12% of seedlings with a mean of 1.3 haustoria per seedling 32 days after germination (Atsatt et al., 1978) . To our knowledge, in all previously reported root hemiparasites spontaneous haustoria were observed in fewer than 2% of two-to three-week-old seedlings. The fast and abundant occurrence of spontaneous haustoria in P. kansuensis thus provides an excellent system for future research into endogenous factors regulating haustorium formation in root hemiparasites.
Similar to induced haustoria in other facultative root hemiparasitic plants (Musselman and Dickison, 1975; Westwood et al., 2010) , spontaneous haustoria of P. kansuensis originated from cortical parenchyma cells and formed only at lateral positions on the root axis. A majority of spontaneous haustoria were observed on lateral roots and developed dense haustoium hairs. However, unlike haustoria reported for other facultative root hemiparasites in Orobanchaceae, very few spontaneous haustoria in P. kansuensis formed near the root tip of a primary root. Anatomical investigations of spontaneous haustoria are required for a more detailed comparison between spontaneous and induced haustoria to detect any difference in haustorium differentiation.
Great variation among individual P. kansuensis seedlings was observed in terms of their capability for spontaneous haustorium formation. This was not surprising as the seeds were from a seed pool collected from different plants. According to research with Triphysaria species, there is heritable variation in how haustorium development responds to HIFs (Jamison and Yoder, 2001) . In vitro experiments with T. versicolor have shown that spontaneous haustorium formation also has a genetic component (Yoder, 1997) . Specifically, the proportion of F1 seedlings with spontaneous haustoria has been shown to be higher in plants if their parents formed spontaneous haustoria than if their parents did not. The ecological causes and significance of the great variation in capability for haustorium formation remains unknown. Testing whether seedlings with higher haustorium formation capability perform better under certain circumstances might also reveal if this trait leads to trade-offs with traits that are better adapted for different circumstances. In other words, the great variation in capability for haustorium formation may be related to adaptation to microenvironments.
Although sucrose amendment has been shown to have a strong influence on lateral root initiation (Little et al., 2005; Jain et al., 2007) , its effect on haustorium formation has seldom been reported for root hemiparasitic plants. However, distinct haustorium induction protocols in terms of sucrose supply among different root hemiparasites have been suggested. Although sucrose supply in growth medium for haustorium induction of Triphysaria species is a common practice (Yoder, 1997; Jamison and Yoder, 2001; Bandaranayake et al., 2010) , sucrose has been purposely avoided for optimal haustorium induction for Phtheirospermum japonicum (Ishida et al., 2016; Cui et al., 2018) , indicating a significant but controversial role of sucrose in haustorium formation by those hemiparasites. The marked increase in spontaneous haustorium formation after sucrose amendment suggests significant roles of sucrose in haustorium initiation for P. kansuensis seedlings. Increased lateral root number by sucrose may partially explain the promoting effect of sucrose amendment on haustorium formation, as a majority of spontaneous haustoria occurred on lateral roots. However, sucrose may also directly regulate spontaneous haustorium formation as a signal. Further studies are required to unravel the underlying mechanisms of sucrose-mediated enhancement on spontaneous haustorium formation in P. kansuensis.
Single seedlings of P. kansuensis developed spontaneous haustoria in vitro in a similar manner as those grown with a second seedling of the same species. This suggests that tactile stimulation by root contact or signal for presence of another plant is not required for spontaneous haustorium formation. Endogenous factors seem to be regulating spontaneous haustorium formation in P. kansuensis. These unknown endogenous factors and the relevant mechanisms that regulate spontaneous haustorium formation require further research, especially because they may contribute to our understanding of haustorium initiation and development in early evolutionary stages of parasitic plants.
Conclusions
This study demonstrated fast and abundant spontaneous haustorium formation in P. kansuensis. These spontaneous haustoria resembled induced haustoria of other facultative root hemiparasitic plants in many ways. Spontaneous haustoria of P. kansuensis were first observed six days after seed germination and were developed in vitro on singly grown seedlings without any known haustorium-inducing stimuli. Sucrose supply markedly increased spontaneous haustorium formation and lateral root number. Because spontaneous haustorium initiation does not require any known host-derived signals, P. kansuensis seedlings may provide an excellent system for future investigations into new mechanisms for haustorium formation in root hemiparasitic plants.
